Glucocorticoid receptor (GR) signaling has recently been shown to play a direct role in the regulation of cardiomyocyte function. In this study, we investigated the potential role of KLF13 as a downstream effector of GR action utilizing both in vivo and in vitro approaches. Our data show that KLF13 mRNA and protein levels are significantly diminished in the hearts of mice lacking GR in cardiomyocytes. Glucocorticoid administration up-regulated Klf13 mRNA in the mouse heart, in isolated primary cardiomyocytes, and in immortal cardiomyocyte cell lines. Glucocorticoid Klf13 gene expression was abolished by treatment with a GR antagonist (RU486) or by knockdown of GR in cardiomyocytes. Moreover, glucocorticoid induction of Klf13 mRNA was resistant to de novo protein synthesis inhibition, demonstrating that Klf13 is a direct glucocorticoid receptor gene target. A glucocorticoid responsive element (GRE) was identified in the Klf13 gene and its function was verified by chromatin immunoprecipitation in HL-1 cells and mouse hearts. Functional studies showed that GR regulation of Klf13 is critical to protect cardiomyocytes from DNA damage and cell death induced by cobalt(II) chloride hexahydrate (CoCl 2 ⅐6H 2 O) and the antineoplastic drug doxorubicin. These results established a novel role for GR and KLF13 signaling in adult cardiomyocytes with potential clinical implications for the prevention of cardiotoxicity induced heart failure.
Glucocorticoid receptor (GR) signaling has recently been shown to play a direct role in the regulation of cardiomyocyte function. In this study, we investigated the potential role of KLF13 as a downstream effector of GR action utilizing both in vivo and in vitro approaches. Our data show that KLF13 mRNA and protein levels are significantly diminished in the hearts of mice lacking GR in cardiomyocytes. Glucocorticoid administration up-regulated Klf13 mRNA in the mouse heart, in isolated primary cardiomyocytes, and in immortal cardiomyocyte cell lines. Glucocorticoid Klf13 gene expression was abolished by treatment with a GR antagonist (RU486) or by knockdown of GR in cardiomyocytes. Moreover, glucocorticoid induction of Klf13 mRNA was resistant to de novo protein synthesis inhibition, demonstrating that Klf13 is a direct glucocorticoid receptor gene target. A glucocorticoid responsive element (GRE) was identified in the Klf13 gene and its function was verified by chromatin immunoprecipitation in HL-1 cells and mouse hearts. Functional studies showed that GR regulation of Klf13 is critical to protect cardiomyocytes from DNA damage and cell death induced by cobalt(II) chloride hexahydrate (CoCl 2 ⅐6H 2 O) and the antineoplastic drug doxorubicin. These results established a novel role for GR and KLF13 signaling in adult cardiomyocytes with potential clinical implications for the prevention of cardiotoxicity induced heart failure.
Glucocorticoids are essential steroid hormones synthesized and secreted by the adrenal glands in a diurnal fashion and in response to stress (1, 2) . They act by binding to the glucocorticoid receptor (GR) 3 (NR3C1), a member of the nuclear receptor superfamily of transcription factors (3) . Upon ligand binding, glucocorticoid receptor translocates to the nucleus to regulate the expression of thousands of genes through direct DNA binding, by interacting with other transcription factors, and by regulation of RNA turnover (4 -6) . Glucocorticoid receptors are highly expressed in heart cardiomyocytes, fibroblasts, and endothelial cells (7) (8) (9) (10) (11) (12) , and several direct actions of glucocorticoids in the heart have been described in vivo (13, 14) . For example, Rog-Zielinska et al. (13) recently demonstrated that glucocorticoid signaling in cardiomyocytes is necessary for heart maturation during development. Mice lacking glucocorticoid receptors in cardiomyocytes develop spontaneous cardiac hypertrophy, left ventricular systolic dysfunction, heart failure, and death (14) . Global gene expression analysis of the hearts of these mice revealed significant dysregulation of several gene networks associated with cardiomyocyte homeostasis and function. Among these genes, we observed two members of the Krüppel-like factor (KLF) family of transcriptional regulators, Klf15 and Klf13 (14) .
Krüppel-like factors are zinc finger DNA-binding transcription factors homologous to the Drosophila gap gene Krüppel (15) . They have been implicated in the regulation of an array of cellular processes (16) , including cardiac biology (14, 17, 18) . KLF13 and KLF15, in particular, have both been suggested to play roles in the heart (14, 17, 19) , and KLF15 expression is directly induced by glucocorticoids (18, 20) . KLF15 is known to be a transcriptional repressor of pathological cardiac hypertrophy (14, 17) , and as a regulator of cardiac lipid metabolism (18) . KLF13 has been reported to modulate cardiomyocyte growth and differentiation during heart development and morphogenesis in Xenopus (19) . Mice with global deficiency of KLF13 have been reported to have defects in erythropoiesis and splenomegaly; in addition these mice have been reported to have enlarged hearts, however, this component of their phenotype has apparently not been studied (21) .
In this study, we utilized cardiomyocyte-specific GR knockout mice (cardioGRKO), wild-type mice, murine primary adult cardiomyocytes, HL-1 mouse, and H9C2 rat cardiomyocytes to understand the role of glucocorticoid regulation of KLF13 in the heart. Our results show that glucocorticoids regulate Klf13 expression in the mouse heart, primary cardiomyocytes, and immortal cells. Glucocorticoids directly regulate Klf13 gene transcription through binding of glucocorticoid receptors to a newly identified intragenic glucocorticoid response element (GRE). Moreover, KLF13 regulation by glucocorticoid receptor has profound effects on the expression of genes associated with cell death and survival, GR regulation of KLF13 appears to be critical to protect cardiomyocytes from DNA damage and cell death induced by cobalt(II) chloride hexahydrate (CoCl 2 ⅐ 6H 2 O) and the antineoplastic drug doxorubicin.
Materials and Methods
Reagents and Antibodies-Dexamethasone and mifepristone (RU486) were purchased from Steraloids (Newport, RI). Cycloheximide, cobalt(II) chloride hexahydrate (CoCl 2 ⅐6H 2 O), and doxorubicin were purchased from Sigma. The anti-KLF13 antibody was purchased from Proteintech Group (Chicago, IL), the anti-troponin I antibody was purchased from Millipore (Billerica, MA). Generation and use of the rabbit polyclonal anti-GR 57 antibody has been previously described (22) .
RNA Extraction and Real-time Quantitative PCR (RT-PCR)-Total RNA was isolated from tissues and cells using the RNeasy Mini Kit and RNase-Free DNase Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions (14) . mRNA levels were determined using the TaqMan one-step RT-PCR procedure on a 7900HT sequence detection system (Applied Biosystems, Rockville, MD).
Western Blotting Analysis-Heart tissue and cells were homogenized and lysed in Tris glycine SDS sample buffer (Invitrogen) supplemented with 2.5% ␤-mercaptoethanol (14) . Membranes with equivalent amounts of protein were incubated with primary antibodies and developed using the LI-COR Odyssey imaging system (LI-COR Biotechnology). GR and KLF13 protein levels were quantified by densitometry using NIH ImageJ analysis software.
Animal Experiments-Hearts from 1-2-month-old control (Floxed GR mice, GR loxP/loxP ) and cardioGRKO (GR loxP/loxP ␣MHC Cre/ϩ ) male mice were harvested for RNA isolation and Western blotting. CardioGRKO mice were generated by crossing floxed GR mice (GR loxP/loxP ) with mice expressing Cre recombinase under the control of the ␣-myosin heavy chain promoter (␣MHC Cre/ϩ ) to specifically delete GR in cardiomyocytes as previously described by Oakley RH et al. (14) . Adrenalectomized 8-week-old C57BL/6 male mice were purchased from Charles River Laboratories (Wilmington, MA). For glucocorticoid treatment, mice were administered 1 mg of dexamethasone/kg of body weight or vehicle control (PBS) intraperitoneally (i.p.). Six and 24 h after the treatment hearts were harvested for RNA isolation, immunofluorescence, and in vivo ChIP assays. All mice were euthanized by cervical dislocation. Animals were maintained in accordance with the National Institutes of Health directives for the care and use of laboratory animals. These studies were approved by the National Institute of Environmental Health Sciences' Animal Care and Use Committee.
Immunofluorescence-Hearts from vehicle and dexamethasone-treated C57BL/6 mice were perfused with PBS and fixed with freshly prepared 4% paraformaldehyde. Slides were prepared and processed for immunofluorescence for KLF13 and troponin I. Images were obtained on a Zeiss LSM 710 inverted confocal microscope equipped with a ϫ40 (oil) objective.
Cardiomyocyte Isolation-Adult cardiomyocytes from 8week-old C57BL/6 male mice were isolated using a commercially available kit (Perfusion Adumyts Cardiomyocyte Isolation Kit, Cellutron, Baltimore, MD). Cells were then treated with 100 nM dexamethasone or vehicle control for 6 h. Cells were blocked and incubated overnight with a primary antibody to KLF13 and troponin I. Images were obtained on a Zeiss LSM 710 inverted confocal microscope equipped with a ϫ40 (oil) objective.
Cell Culture-The cardiac mouse cell line HL-1 was kindly provided by Dr. W. C. Claycomb (Louisiana State University, New Orleans, LA) and cultured as described (23) . The rat embryonic cardiomyocyte H9C2 cells (American Type Culture Collection, Manassas, VA) were cultured in high-glucose (4500 mg/liter) DMEM supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 100 g/ml of streptomycin, and 100 units/ml of penicillin (24) . All treatments of cells were performed in media containing 10% charcoal/dextranstripped fetal calf serum.
Cells ChIP Assays-ChIP assays were performed in HL-1 cells following the described protocol (25) . Quantitative RT-PCR was performed on both input and immunoprecipitated DNA.
Heart Tissue ChIP Assays-Heart tissue was used for ChIP assays according to the protocol of the ChIP assay kit (Millipore, 17-295), with minor modifications. The immunoprecipitated DNA was then quantified using real-time quantitative PCR employing the same primers and conditions used for in vitro ChIP assays.
Luciferase Assays-The Klf13 gene was analyzed for GREs using Sequence Motif Search and rVista 2.0. Fragments from the KLF13 promoter and intron-1 were amplified from HL-1 cell genomic DNA using a FastStart High-fidelity PCR System (Roche Applied Science). The Klf13 intron-1 GRE sequence GAGAACATGCTGTTCC was mutated to GAGAACA-AGCAGTTCC ( 366 Thr 3 Ala) using the QuikChange site-directed mutagenesis kit (Stratagene) to generate Klf13 intron1mut. The cells were transiently transfected using FuGENE 6 transfection reagent (Promega, Madison, WI) with either the control pGL3 luciferase plasmid or the pGL3 luciferase construct, using the Renilla luciferase reporter as a control for transfection. Luciferase activity was measured using the Dual Glo Luciferase Reporter Assay (Promega).
RNA Interference-Non-targeting control (NTC), GR, and KLF13 siRNAs were purchased from SMARTpool siRNA (Thermo Scientific). HL-1 cells were transfected with 50 nM of each siRNA using Dharmafect1 transfection reagent (Thermo Scientific). Forty-eight hours after transfection, cells were replated and treated with 100 nM dexamethasone or vehicle control. RNA was isolated from these cells 24 h following dexamethasone treatment.
Microarray Studies-HL-1 cells were transfected with NTC, GR siRNA, or KLF13 siRNA. Forty-eight hours following transfection, cells were replated as described above and treated with 100 nM dexamethasone or vehicle control for 24 h. Genomewide microarray analysis was performed using Agilent Whole Mouse Genome 4 ϫ 44 multiplex format oligonucleotide arrays (product number 014868; Agilent Technologies) according to the manufacturer's instructions (25, 26) . The data were processed using package Agi4 ϫ 44PreProcess and limma in Bioconductor for the R software environment. Expression measures for each probe set were log-transformed, followed by background correction, and normalization between samples.
The significance of the log ratio for each probe was determined by calculating one modified t statistic per probe using an empirical Bayesian approach. Multiple test correction was used to reduce the number of false positives. Probes with Benjamini-Hochberg multiple test corrected p value Ͻ0.05 were considered to be differentially expressed. Heat map was generated using BioConductor package HeatPlus. The lists of probe sets generated were visually sorted by using a Venn diagram generator and further analyzed with Pathway Analysis version 6.5 (Ingenuity Systems).
Hypoxia-To induce hypoxia, HL-1 cells were incubated 48 h in a controlled hypoxic incubator (Thermo Scientific, Forma, Series II Water Jacketed, model 3130 incubator). All experiments were performed in serum-free medium. The time control group consisted of cells without the hypoxic stimulus kept in complete medium in a normoxic incubator at 37°C. Cell viability was measured by assessing plasma membrane integrity by flow cytometry analysis of 10 g/ml of propidium iodide (PI; Invitrogen) exclusion. Ten thousand cells were analyzed using a BD LSRII flow cytometer (San Jose, CA) equipped with FACS-DiVa software. Cells were excited with a 561-nm laser and PI fluorescence was detected at 585 nm. A gate was drawn on a PI histogram for the control sample to determine the percent of viable and dead experimental cells.
Induction of Cell Death and DNA Damage-Cell death and DNA damage were induced by treating non-targeting control (NTC), (Ϫ)GR, and (Ϫ)KLF13 cells with 500 M CoCl 2 ⅐6H 2 O (27, 28) or 1 M doxorubicin (29) . For all treatments cells were cultured in complete medium supplemented with 0.1-1 M dexamethasone and maintained in a humidified 5% CO 2 atmosphere at 37°C for 48 h. Following this treatment CoCl 2 ⅐6H 2 O or doxorubicin was added for 24 -48 h. Plasma membrane integrity of HL-1 cells was then analyzed by flow cytometry analysis of 10 g/ml of PI (Invitrogen) exclusion. DNA degradation was analyzed by flow cytometry. Briefly, cells were fixed in 70% ethanol overnight at 4°C. Cells were then pelleted and washed once in PBS. The cells were then stained with a PI solution (20 g/ml of PI, 10 units/ml RNase One, Promega in PBS) and incubated in the dark for 20 min. Cells were examined on a forward-scatter versus side-scatter dot plot, a forward-scatter histogram, and a PI histogram to analyze the cell cycle. At least 7,500 cells in a LO flow rate (the rate of cells should be less than 400 cells/second) were analyzed using a BD LSRII flow cytometer (San Jose, CA) equipped with FACSDiVa software.
KLF13 Overexpression-Lipofectamine 2000 (Invitrogen) was used to transfect Klf13 plasmid (Origene, MR224297) into HL-1 cells. Twenty-four hours after transfection, 2ϫ Laemmli sample buffer was used to make cell lysates of transfectants for Western blot analysis. After confirming KLF13 overexpression, cells were treated with doxorubicin for 48 h and analyzed by flow as described above.
Statistical Analysis-Data were presented as a mean Ϯ S.E. Statistical significance was determined by analysis of variance with Tukey's post hoc analysis. All analyses were performed using GraphPad Prism 6 software.
Results

Klf13 Expression Is Significantly Reduced in the Hearts of Mice Lacking GR in Cardiomyocytes-Global gene expression
analysis of the hearts of mice lacking glucocorticoid receptors in cardiomyocytes (cardioGRKO mice) identified Klf13 as expressed in the mouse heart, and its transcription is significantly reduced in the hearts of the cardioGRKO mice (14) . To assess these data at both the RNA and protein levels, we evaluated these parameters in hearts of cardioGRKO mice and their littermate controls. GR levels were significantly reduced at both mRNA and protein levels in cardioGRKO hearts as previously described (14) (Fig. 1, A and B) . Klf13 mRNA levels were dramatically diminished in hearts from cardioGRKO mice (Fig.  1C ). Consistent with this reduction in mRNA, KLF13 protein levels were also significantly decreased in hearts from car-dioGRKO mice (Fig. 1D ). These results confirm that Klf13 expression is profoundly compromised in the hearts of mice lacking GR in cardiomyocytes.
Cardiac Klf13 Expression Is Regulated by Glucocorticoids in Vivo and in Primary Cardiomyocytes-To investigate whether glucocorticoids control KLF13 expression in vivo, 8-week-old C57BL/6 mice were adrenalectomized and treated with vehicle (PBS) or glucocorticoids (dexamethasone, Dex). Hearts were harvested at 6 and 24 h following this treatment. Six hours after glucocorticoid injection, Klf13 mRNA levels were increased 5.42 Ϯ 0.79-fold (p Ͻ 0.05) over basal levels, and were increased 13.28 Ϯ 2.34-fold (p Ͻ 0.05) over basal levels at 24 h ( Fig. 2A ). KLF13 was also detected under basal conditions in the mouse heart ( Fig. 2B ) and its levels were increased upon glucocorticoid treatment (Fig. 2B ). These data indicate that glucocorticoids regulate KLF13 expression in the mouse heart.
To determine whether glucocorticoids regulate Klf13 expression in mammalian cardiomyocytes, primary adult cardiomyocytes were isolated from 8-week-old C57BL/6 male mice. Glucocorticoid treatment of primary cardiomyocytes led to significant up-regulation of Klf13 mRNA levels at 6 h (9.72 Ϯ 1.58-fold; p Ͻ 0.05) ( Fig. 2C ). KLF13 protein levels were also significantly increased in cardiomyocytes following glucocorticoid treatment (Fig. 2D ). These results demonstrate that Klf13 is expressed in primary adult cardiomyocytes and its gene expression and protein levels are regulated by glucocorticoids.
Glucocorticoids Induce Klf13 Gene Expression in Immortal Rat and Mouse Cardiomyocytes-To further define the mechanisms of glucocorticoid regulation of KLF13; we employed two different cell lines: H9C2 rat immortal cardiomyocytes (24) and HL-1 mouse immortal cardiomyocytes (23) . Both H9C2 and HL-1 cardiomyocytes were treated with glucocorticoids, and then RNA was isolated at different time points (0 -48 h). Increases in Klf13 gene expression were observed in both cell lines in response to glucocorticoids (Fig. 3, A and B) . These data support our studies in primary cardiomyocytes, and revealed that KLF13 is indeed a glucocorticoid-regulated gene in adult cardiomyocytes.
The Glucocorticoid Receptor Directly Regulates Klf13 Transcription in HL-1 Mouse Adult Cardiomyocytes-To elucidate the mechanism(s) underlying glucocorticoid regulation of KLF13, we first determined if glucocorticoid receptors are required for the observed changes in Klf13 gene expression. HL-1 cardiomyocytes were treated with the glucocorticoid receptor-antagonist RU486. Exposure of HL-1 cells to RU486 prevented glucocorticoid-mediated induction of Klf13 mRNA at the times examined ( Fig. 4A ). Silencing of the glucocorticoid receptor gene by siRNA significantly decrease KLF13 basal lev- (Fig. 4B ). These findings indicate that activated glucocorticoid receptors are necessary for glucocorticoid regulatory effects on Klf13 expression in cardiomyocytes. We determined if KLF13 is a primary or secondary target for the glucocorticoid receptor. For these studies, HL-1 cells were treated with the protein synthesis inhibitor cycloheximide for 1 to 6 h. Glucocorticoid treatment significantly increased Klf13 mRNA levels in the presence and absence of cycloheximide ( Fig. 4C ), leading us to conclude that KLF13 is a primary target of glucocorticoid regulation. Finally, to determine whether glucocorticoids regulate transcription of the Klf13 gene, nascent RNA was measured using primers targeting intronic sequences of the gene. KLF13 nascent RNA (3.19 Ϯ 0.28-fold over basal levels) was significantly increased in response to glucocorticoids ( Fig. 4D ). We conclude that glucocorticoids regulate Klf13 cardiomyocyte gene expression at the transcriptional level through activated glucocorticoid receptors.
The Glucocorticoid Receptor Regulates Klf13 Expression by Binding to an Intragenic GRE-One mechanism by which glucocorticoid receptors modulate gene transcription is through direct binding to DNA sequences known as GREs (5, 30) . In silico analysis of the Klf13 gene identified one putative GRE, with all critical nucleotides conserved as compared with the consensus GRE sequence, located in the promoter region (5 kb upstream of the transcription start site) and one putative GRE in intron-1 (Fig. 5A ). ChIP assays were performed on vehicleand glucocorticoid-treated HL-1 cells to determine whether glucocorticoid receptors are recruited to the identified GREs in its native chromatin context. We observed that glucocorticoid receptors were strongly recruited to the Klf13 intron-1 GRE when HL-1 cells were exposed to glucocorticoids for 90 min (Fig. 5A, left panel) . A similar robust enrichment (4.37 Ϯ 0.47fold, p Ͻ 0.05) of activated glucocorticoid receptors was observed at a functional GRE in the promoter of the classical glucocorticoid-regulated gene Gilz (Fig. 5A, left panel) . In contrast, glucocorticoid receptors were not significantly recruited to the putative GRE in the Klf13 promoter ( Fig. 5A, left panel) . In vivo ChIP assays using whole heart samples from glucocorticoid-treated mice yield very similar results further validating the data obtained in HL-1 cardiomyocytes. Glucocorticoid receptors were strongly recruited in the Klf13 intron-1 GRE in hearts from glucocorticoid-treated mice (Fig. 5A, right panel) . These data show that activated glucocorticoid receptors bind to the intron-1 GRE to regulate Klf13 transcription in vitro (HL-1 cardiomyocytes) and in vivo (heart tissue). To determine whether the Klf13 intron-1 GRE functions as a glucocorticoiddependent enhancer in a heterologous system, a 500-bp fragment of the Klf13 intron containing the putative GRE and a 1.7-kb fragment of the Klf13 promoter were cloned into luciferase reporter plasmids (31) . HL-1 cells were transfected with the reporter plasmids, and luciferase activity was measured after an overnight treatment with either vehicle or glucocorticoid. The Klf13 promoter resulted in constitutive luciferase activity (45.95 Ϯ 3.34-fold greater than the control vector) ( Fig.  5B, left panel) ; however, in the absence of the intragenic GRE construct, luciferase activity was not regulated by glucocorticoid treatment (Fig. 5B, left panel) . In contrast, glucocorticoid treatment induced a 5.55 Ϯ 1.09-fold increase (p Ͻ 0.05) in luciferase activity in the construct containing the intragenic GRE ( Fig. 5B, right panel) . To define if the increase in luciferase expression exhibited by the construct with the intragenic GRE (intron-KLF13) requires glucocorticoid receptor binding to an agonist, transfected HL-1 cells were co-treated with dexamethasone and the glucocorticoid receptor-antagonist RU486. The glucocorticoid-mediated increase in luciferase activity was significantly inhibited in response to RU486 (Fig. 5C, left panel) , indicating that the GRE in intron-1 of the Klf13 gene is functional. Finally, to analyze if glucocorticoid receptor binding to the intronic GRE confers glucocorticoid receptor-dependent induction of the target gene, the Klf13 intron-1 GRE sequence GAGAACATGCTGTTCC was mutated to GAGAACA-AGCAGTTCC ( 366 Thr 3 Ala). Mutation of the Klf13-intron-1 GRE significantly inhibited glucocorticoid induction of luciferase expression ( Fig. 5C, right panel) . These data reveal that the GRE in intron-1 of the Klf13 gene is functional, and it is activated by ligand occupied glucocorticoid receptors in cardiomyocytes.
Glucocorticoid Receptor Regulation of Klf13 Is Critical to Glucocorticoid Regulation of Cardiomyocyte Gene Expression-Our goal was to define the physiological significance of glucocorticoid regulation of Klf13 in adult cardiomyocytes. To address this issue, we examined the effects of silencing GR and KLF13 on the glucocorticoid-regulated transcriptome of HL-1 cardiomyocytes. For these studies, HL-1 cells transfected with NTC siRNA, GR siRNA (ϪGR), or KLF13 siRNA (ϪKLF13) and then treated with glucocorticoids or vehicle control for 24 h. Cells were then subjected to genome-wide microarray analysis. Gene lists for each condition were generated and are reported in supplemental Tables S1-S3. To identify unique and commonly regulated genes among the three treatments, gene lists were sorted by Venn diagram (Fig. 6A ). In control cells (NTC), 2077 genes were regulated in response to glucocorticoids ( Fig. 6A) , whereas only 70 genes were regulated by hormone treatment in the (Ϫ)GR group (Fig. 6A ). Only 502 genes were observed in (Ϫ)KLF13 cells (Fig. 5A ). Venn diagram analysis showed that 1892 genes were uniquely regulated by glucocorticoids in control cells (Fig. 6A, red circle) . In contrast, only 35 unique genes were observed in the (Ϫ)GR group (Fig. 6A, blue  circle) . Venn analysis also showed that 332 genes were unique to the (Ϫ)KLF13 cells (Fig. 6A, green circle) . Only 16 genes were commonly regulated by glucocorticoids among control, (Ϫ)GR and (Ϫ)KLF13 groups (Fig. 6A, circle intersection) . Analysis of the hormone-regulated genes showed that an equal proportion of up-and down-regulated genes were observed in the control cells (Fig. 6B) . Similar results were found in the absence of GR and KLF13 (Fig. 6B) suggesting that GR or KLF13 knockdown did not alter the proportion of induced versus repressed genes in response to glucocorticoids, but rather the overall number of regulated genes (Fig. 6, A and B) . These results suggest that the majority of the glucocorticoid-regulated genes (1892 of a total 2077 genes) in HL-1 cardiomyocytes depend on both hormone binding to their cognate receptor (GR) and on the modulation of KLF13 gene expression by glucocorticoid receptors.
Glucocorticoid Regulation of KLF13 Activity Has a Marked Influence on the Expression of Genes Involved in Cell Death and
Survival-To elucidate the significance of the glucocorticoidmediated regulation of the cardiomyocyte transcriptome, gene lists were analyzed by Ingenuity Pathway Analysis software (IPA). The analysis showed that genes associated with cell death and survival were highly regulated in NTC cells in response to glucocorticoids ( Fig. 6C and supplemental Tables S4 -S6). The regulation of these same genes differed significantly when GR was silenced by siRNA. 660 genes were associated with cell death and survival in control cells, and only 22 of these genes were regulated in these cells when GR was silenced (Fig. 6C) . When KLF13 was knocked down in HL-1 cardiomyocytes, only 101 of the 660 cell death and survival genes were regulated by glucocorticoids ( Fig. 6C) . A heat map of averaged sample replicates within treatment groups and hierarchical clustering is shown in Fig. 6D to visualize cardiomyocyte cell death and survival gene expression profiles in response to glucocorticoids in our three group treatments. These results suggest that GR regulation of KLF13 activity has a marked influence in the expression of genes involved in pathways important for cardiomyocyte survival. Further bioinformatic analysis of the 660 genes regulated by glucocorticoids in control cells revealed that 39 of these genes have been reported to have a role in myocardial damage and ischemic injury (supplemental Table S7 ). Among these 39 genes, we found 3 genes involved in myocardial injury due to oxygen deprivation (supplemental Table S7 ): hypoxia inducible factor 1, ␣ subunit (Hif1␣), angiotensinogen (Agt), and atrial natriuretic peptide (Nppa). To validate the microarray results, control cells, (Ϫ)GR, and (Ϫ)KLF13 HL-1 cells were treated with vehicle or glucocorticoids for 24 h and the mRNA levels of this subset of genes were measured by RT-PCR. In agreement with our microarray data, we observed that changes in the expression of Hif1␣, Nppa, and Agt in response to glucocorticoids depend on both GR and KLF13 (Fig. 7A) . To fur-ther validate the microarray data, 8-week-old cardioGRKO mice and littermate controls were adrenalectomized and treated with vehicle (PBS) or glucocorticoids (Dex). Hearts were harvested at 6 h following this treatment. Six hours after glucocorticoid administration we observed significant changes in the mRNA levels of Hif1␣, Agt, and Nnpa in control hearts; in contrast, no changes in the expression of these genes were found in glucocorticoid-treated cardioGRKO hearts (Fig. 7B) . These data correlate with the results obtained in HL-1 cardiomyocytes and suggest that an intact A, the glucocorticoid-regulated genes within each group were sorted by a Venn diagram. B, the number of probes that were regulated by glucocorticoids is organized as either induced (red) or repressed (green) according to treatment group in NTC, (Ϫ)GR and (Ϫ)KLF13. C, results from microarray analysis of the glucocorticoid-regulated genes found in the three treatments were loaded into Ingenuity Pathway Analysis software. Glucocorticoid treatment significantly regulated an important number of genes associated to different cellular and molecular biological pathways. Silencing of GR and KLF13 by siRNA inhibited glucocorticoid regulation of the majority of these genes. Cell death and survival (bold letters) was ranked as the top 1 molecular and cellular function. D, glucocorticoid treatment regulated 660 genes associated to cell death and survival in NTC cells. Only 22 and 101 of these same genes were regulated in the absence of GR and KLF13, respectively. A heat map was generated with Heatplus software (BioConductor) to visualize the differences in the gene expression of cell death and survival genes between treatment groups. GR-KLF13 axis is important for the regulation of these target genes. Thus, we explore the role of GR-KLF13 in hypoxiainduced cell death.
Glucocorticoids Protect Cardiomyocytes from Cell Death Triggered by CoCl 2 Independently of Hypoxia Signaling
Pathways-Hypoxia is an important factor involved in apoptotic cell death associated with ischemic heart disease (32) . Studies have shown that glucocorticoids influence hypoxia-inducible gene expression in vitro (33) . In addition, administration of glucocorticoids to mice significantly reduces cardiac damage after ischemia reperfusion injury (7) . However, the protective effects afforded by glucocorticoids have not been explored, particularly at the cellular level. CoCl 2 has been reported to induced hypoxia like gene expression in mammalian cell cultures (27) , and prolonged exposure to this chemical can result in cell death (34) . Therefore, to explore if GR and KLF13 play a role in CoCl 2 -induced cell death, NTC, (Ϫ)GR, and (Ϫ)KLF13 HL-1 cells were treated with CoCl 2 for 24 h in the presence and absence of glucocorticoids. Following these treatments, cell death was measured by membrane integrity by flow cytometry (propidium iodide exclusion), which is characteristic of apoptosis. In response to CoCl 2 , we observed a 33.6% increase in cell death in NTC cells compared with vehicle-treated cells (Fig.  8A) . Similar increases in cell death were observed with GR-and KLF13-deficient cells in the absence of glucocorticoids (Fig.  8A) . Glucocorticoid treatment protected control cells from CoCl 2 -induced cell death (Fig. 8A) , whereas glucocorticoid treatment did not protect HL-1 cardiomyocytes from cell death in the absence of GR or KLF13 (Fig. 8A) . Together, these data indicate that one possible mechanism by which glucocorticoids protects HL-1 cardiomyocytes from CoCl 2 -induced death is through KLF13 regulation by GR. To further investigate if glucocorticoids protect cardiomyocytes from cell death under hypoxic conditions, HL-1 cells were subjected to hypoxia for 48 h in the presence/absence of glucocorticoids. Analysis of cell viability showed that glucocorticoids failed to protect HL-1 cardiomyocytes from hypoxia-induced cell death (Fig. 8B ). Therefore, the protecting effects exerted by glucocorticoids in response to CoCl 2 are likely independent of hypoxia signaling pathways.
Glucocorticoids Protect Cardiomyocytes from DNA Degradation Triggered by CoCl 2 and Doxorubicin-CoCl 2 is known to enhance the production of reactive oxygen species in mammalian cell cultures (35) , which in turn leads to DNA damage and cell death (36, 37) . Glucocorticoids have been reported to protect cells from DNA damage and cell death by inducing the expression of anti-apoptotic genes and repressing pro-apoptotic genes (38) . To investigate if glucocorticoids protect cardiomyocytes from DNA damage induced by CoCl 2 , DNA degradation was analyzed by flow cytometry. Control cells (NTC) treated with glucocorticoids were protected for DNA degradation in response to CoCl 2 (Fig. 8C) . In contrast, glucocorticoids failed to prevent DNA damage in the absence of GR or KLF13. These results suggest that glucocorticoids inhibit cell death induced by CoCl 2 by preventing DNA damage through GR-KLF13 signaling activation.
To investigate the potential clinical implication of these results, HL-1 cardiomyocytes were treated with doxorubicin (Dox), an antineoplastic drug known to induce cardiomyopathy by damaging DNA (39, 40) , NTC, (Ϫ)GR, and (Ϫ)KLF13 cells were cultured with dexamethasone for 48 h, and then treated with 1 M Dox for 48 h. Glucocorticoid-treated NTC cells were protected from Dox-induced cell death and DNA degradation (Fig. 9, A and B) . In contrast, glucocorticoid failed to protect cells in the absence of GR and KLF13 expression ( Fig. 9, A and  B) . These results suggest that glucocorticoids protect cardiomyocytes from DNA damage and death through the regulation of KLF13.
KLF13 Protects Cardiomyocytes from Cell Death and DNA Degradation-To investigate the protective role of KLF13 in cardiomyocytes, KLF13 was overexpressed in HL-1 cardiomyocytes and cells were then treated with 1 M Dox. KLF13 overexpression was confirmed by Western blot analysis (Fig. 10A ). Cells overexpressing KLF13 were protected from those Dox deleterious effects. No significant differences in cell survival were found between Dox-treated KLF13 overexpressing cells and vehicle-treated cells (Fig. 10B ). In agreement with these results, KLF13 overexpressing cells were resistant to DNA damage induced by Dox (Fig. 10C) . These data suggest that manipulation of KLF13 signaling protects cardiomyocytes against Dox-induced toxicity.
Discussion
The nature of glucocorticoid-mediated actions in the heart remains controversial. Systemic high levels of glucocorticoids are linked with adverse cardiovascular events, but glucocorticoid administration has also been shown to be beneficial in the treatment of atherosclerosis and in the prevention of cardiomyocyte death triggered by ischemia reperfusion (7) . Recent studies of mice with cardiomyocyte-specific deletion of normal glucocorticoid receptor revealed that endogenous glucocorticoid receptor signaling is essential for the maintenance of cardiac function (14) . Deletion of glucocorticoid receptor in vivo leads to the dysregulation of genes associated with cardiovascular disease, including several members of the Krüppel-like factor family, among those Klf13 (Fig. 1) (14) . Our data reveal that Klf13 is a direct glucocorticoid receptor-regulated gene, and its expression is induced by glucocorticoids in vivo (mouse heart) and in vitro (primary and immortal cell lines) ( Figs. 2 and  3) . These findings are supported by studies that have demonstrated that glucocorticoid receptor directly regulates several members of the KLF family (41, 42) . We also found that KLF13 is a direct target of GR and its regulation involves binding of activated glucocorticoid receptors to a conserved and functional GRE within intron 1 of the Klf13 gene ( Figs. 4 and 5) . These results are consistent with the mechanism proposed for the regulation of KLF9 and KLF15 by glucocorticoids, which also involves binding of activated glucocorticoid receptor to two intronic consensus GREs (20, 42) .
To elucidate the molecular and functional consequences of glucocorticoid regulation of Klf13 in adult cardiomyocytes, gene expression studies were performed. Microarray analysis suggests that one mechanism by which glucocorticoids exert effects on the adult cardiomyocyte transcriptional program is by the induction of KLF13. Silencing of GR or KLF13 by siRNA significantly altered the number of glucocorticoid-regulated gene probes in HL-1 cardiomyocytes (Fig. 6 ). Analysis of this cohort of genes by Ingenuity Pathway Analysis software showed that genes involved in cell death and survival were regulated by glucocorticoids in control HL-1 cardiomyocytes and the expression of these same genes was modified in the absence of Klf13 gene expression ( Fig. 6 ). Consistent with these results, our previous studies on rat H9C2 cardiomyocytes have shown that glucocorticoid treatment leads to significant changes in gene expression profiles that are characterized by dysregulation of genes associated with cardiac hypertrophy and cell death (12) ; however, the molecular targets responsible for these actions remain unknown. Our microarray data presented here clearly suggest that some of the effects exerted by glucocorticoids in cardiomyocytes are mediated by GR signaling through KLF13.
To understand the precise role of GR secondary signaling in cardiomyocytes, a detailed analysis of the cell death and survival genes regulated by glucocorticoids in control cells was performed. This analysis showed that 39 of these genes have been reported to play a role in myocardial damage and ischemic injury (supplemental Table S7 ). Among these genes, we found HIF1␣, AGT, and NPPA. HIF1 is a transcription factor that regulates the expression of pro-and anti-apoptotic genes that are affected by oxygen deprivation (43) (44) (45) . HIF1␣ is a subunit of HIF1 and changes in its expression by hypoxia induction leads to cardiomyocyte apoptosis (45, 46) . AGT is a component of the renin-angiotensin system, which is involved in the regulation of blood pressure and has been shown to play a role in cardiac function (47) . NPPA is a vasodilator that exerts beneficial effects when used clinically for the treatment of heart failure (48) and protects cardiomyocytes from apoptosis in vitro (49) . Changes in the expression of these genes were validated in HL-1 cells (Fig. 7A ) and mouse hearts (Fig. 7B) . In vivo data showed that glucocorticoid administration led to significant changes in the mRNA levels of Hif1␣, Agt, and Nnpa in control hearts (expressing GR). In contrast, no changes in the expression of these genes were found in the absence of GR in cardiomyocytes ( Fig. 7B) . These data correlate with the results obtained in vitro and suggest GR and KLF13 play an important role in the regulation of signaling pathways involved in cardiomyocyte damage.
Numerous studies employing in vivo models of heart disease have shown that apoptosis plays a pivotal role during heart failure (50), we wanted to further evaluate the role of GR-KLF13 signaling (27) . Our results show that glucocorticoids protect cardiomyocytes from CoCl 2 -induced cell death in a GR-KLF13dependent manner (Fig. 8 ). These data are consistent with reports that glucocorticoid receptor signaling in cardiomyocytes inhibits cells death triggered by ischemia reperfusion, mechanical stress, serum starvation, or TNF␣ (7, 12, 33) . However, our results showed that the cardioprotective effects exerted by glucocorticoids in response to CoCl 2 were likely independent of hypoxia inducible factor pathways ( Fig. 8 ). Glucocorticoids failed to protect HL-1 cardiomyocytes from exposure to low oxygen concentration (Fig. 8) . CoCl 2 has also been shown to induce the production of reactive oxygen species in mammalian cell cultures (35) . Increase in reactive oxygen spe-cies is an important factor in cell death and DNA damage (36, 37) . In agreement with these published data, we found that glucocorticoid prevented DNA damage induced by CoCl 2 in HL-1 cells (Fig. 8 ), and this protection is dependent upon GR and KLF13 expression ( Fig. 8) .
Prevention of cardiomyocyte DNA damage has important clinical implications, the use of many effective chemotherapy agents, including anthracyclines, is limited by their cardiotoxicity (51) . Oxidative stress is the primary mechanism by which anthracyclines induce cardiomyocyte injury and death (52) . Doxorubicin is an anthracycline used for the treatment of breast cancer and leukemia (29) . In addition to induction of oxidative stress, doxorubicin interacts with DNA topoisomerase causing cardiomyocyte damage and death (40) . For example, Chen et al. (29) has also shown that glucocorticoids protect cardiomyocytes from cell death induced by doxorubicin. Consistent with the literature, our results showed that glucocorticoids protected HL-1 cardiomyocytes from cell death and DNA damage induced by Dox ( Fig. 9 ). We found that one potential mechanism by which glucocorticoids attenuate cardiomyocyte toxicity in response to Dox is by GR-dependent up-regulation of KLF13, which in turn leads to the regulation of both anti-and pro-cell death genes ( Fig. 9 ). These results were further confirmed by overexpressing KLF13 in HL-1 cardiomyocytes. Cells overexpressing KLF13 were protected from Dox-induced cell death and DNA damage ( Fig. 10 ). Therefore, our findings establish a function for KLF13 in adult cardiomyocytes and provide evidence of the dynamic role of glucocorticoids in the modulation of cardiomyocyte function and identify a novel signaling pathway regulated by these hormones in cardiomyocytes.
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